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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 



Symbol 



Length. 

Time___ 
Force-.. 

Power. _ 
Speed. _ 



I 
t 

F 



P 
V 



Metric 



Unit 



meter 

second 

weight of 1 kilogram. 



horsepower (metric) _ 
f kilometers per hour, 
\ meters per second 



Abbrevia- 
tion 



kg 



kph 

mps 



English 



Unit 



foot (or mile) 

second (or hour)_ 
weight of 1 pound 

horsepower 

miles per hour 

feet per second 



Abbrevia- 
tion 



ft (or mi) 
sec (or hr) 
lb 



hp 

mph 

fps 



2. GENERAL SYMBOLS 



w 

9 

m 
I 



S 

G 

b 

c 

A 

V 

<Z 

L 

D 

Do 

Di 

D, 

C 



Weight =m<7 

Standard acceleration of gravity =9.80665 m/s 2 
or 32.1740 ft/sec 2 

Mass=— 

9 , 

Moment of inertia=raF. (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 



v Kinematic viscosity 

p Density (mass per unit volume) 

Standard density of dry air, 0.12497 kg-m" 4 -s 2 at 15° C 

and 760 mm; or 0.002378 lb-fr 4 sec 2 
Specific weight of "standard" air, 1.2255 kg/m 3 or 

0.07651 lb/cuft 



3. AERODYNAMIC SYMBOLS 



Area 

Area of wing 
Gap 
Span 
Chord 

Aspect ratio, ^ 
True air speed 
Dynamic pressure, T^pV 2 

Lift, absolute coefficient 



Drag, absolute coefficient C D = 



D 

qS 



Profile drag, absolute coefficient 6 T Do = rg 



Induced drag, absolute coefficient C Dl = 



qS 
D. 



Parasite drag, absolute coefficient C ! d p = ^ 
Cross-wind force, absolute coefficient C c = 



_C 
qS 



i w Angle of setting of wings (relative to thrust line) 
i t Angle of stabilizer setting (relative to thrust 
line) 

Q Resultant moment 
12 Resultant angular velocity 

VI 

R Reynolds number, p — where I is a linear dimen- 

sion (e.g., for an airfoil of 1.0 ft chord, 100 mph, 
standard pressure at 15° C, the corresponding 
Reynolds number is 935,400; or for an airfoil 
of 1.0 m chord, 100 mps, the corresponding 
Reynolds number is 6,865,000) 

a Angle of attack 

e Angle of down wash 

a 0 Angle of attack, infinite aspect ratio 

a { Angle of attack, induced 

a a Angle of attack, absolute (measured from zero- 
lift position) 
7 Flight-path angle 
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SUMMARY 

The study of combustion in a spark-ignition engine 
given in Report No. 704 has been continued. The investi- 
gation was made with the NACA high-speed motion- 
picture camera and the NACA optical engine indicator. 
The camera operates at the rate of S+OfiOD photographs a 
second and makes possible the study of phenomena occur- 
ring in time intervals as short as 0.000025 second. 

Photographs are presented of combustion without knock 
and with both light and heavy knocks, the end zone of 
combustion being within the field of view. Time-pressure 
records covering the same conditions as the photographs are 
presented and. their relations to the photographs are studied. 
Photographs with ignition at various advance angles are 
compared 'riff, a r'n w1<> observing any possible r< lot i unship 
between pressure and flame depth. 

A tentative explanation <>j knock is suggested, which is 
designed, to agree with the indications of the high-speed 
photographs and the time-pressure records. 

INTRODUCTION 

The results presented in this report represent a con- 
tinuation of the study of combustion with the NACA 
high-speed motion-picture camera, the first results of 
which were published in 1941 (reference 1). A copy 
of reference 1 should be available to make possible a 
complete understanding of the present report. The 
photographs presented in reference 1 and some of those 
presented in (his report are the same as those in the 
NACA technical film on normal combustion, preigni- 
tion, and knock, which lias been exhibited on many 
occasions. 

The NACA high-speed motion-picture camera, which 
takes pictures at the rate of 40,000 per second, was 
developed in response to a demonstrated need for 
higher picture-taking speed in the study of combustion. 
The photographs published in reference 1 were pri- 
marily concerned with combustion in general. The 
photographs presented in this report relate primarily to 
knock. The indications of the photographs, in general, 
confirm conclusions drawn by Rothrock and Spencer in 
1938 (reference 2) on the basis of less precise data. 

Many theories have been advanced concerning the 
manner in which fuel knock takes place and much 
experimental work has keen done in attempts to de- 
termine what, happens during knock, it is now gen- 



erally recognized that knock is associated with the last 
part of the charge to burn and apparently involves a 
sudden and very violent completion of the burning in 
the engine cylinder after a part of the burning has 
taken place at a normal rate. The chief differences in 
the various theories concern the manner in which the 
final portion of the charge is ignited, the rapidity with 
which the final burning takes place, and whether the 
knock can occur in a portion of the charge that is 
already apparently ignited and burning. 

Probably the most commonly accepted conception 
of fuel knock is that it consists of autoignition of the 
end gas because of high pressure and temperature. 
Such autoignition has been shown in photographs taken 
by Withrow and Kassweiler (reference 3). Withrow 
and Rassweiler took their photographs at rates of 2250 
to 5000 frames per second. Photographs presented in 
reference 1, however, indicate that knock takes place 
in such an extremely short time (5X10" 5 sec or less) 
that it would be missed by a camera taking pictures 
at 2250 to 5000 frames per second. It therefore ap- 
pears likely that, although Withrow and Rassweiler 
photographed autoignition, they did not photograph 
knock, which may or may not be preceded by auto- 
ignition, because knock occurs too quickly to be 
recorded by their method. 

Weinhart (reference 4) determined (lame travel by 
the method of ionized gaps and an oscillograph and 
concluded that autoignition, which he called pressure 
ignition, occurred in the end zone. 

The theory that knock is caused by a detonation 
wave such as can be set up during combustion in long 
tubes has received considerable attention from various 
investigators. Sokolik and Voinov (reference 5) ob- 
tained evidence that they believed to be a confirmation 
of this theory. They took streak photographs on a 
rapidly moving film, using an engine with a narrow 
window extending across the top of the pent-roof cylinder 
head. Their photographs, taken at their highest avail- 
able film speed, showed the flame traversing part of the 
chamber at a normal rate and then completing the 
burning at an extremely high rate. The streak photo- 
graph showed a slight slope in the trace of the final 
burning. They believed that the existence of this slope 
proved that the flame front itself accelerated very 
rapidly to complete the burning and that this quick 
completion of the burning is the cause of knock. The 

1 
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conclusions that are presented herein, on the basis of the 
results given in this report and in reference 1, do not 
appear to he inconsistent with the streak pictures of 
reference 5, although such conclusions are not the same 
as those drawn by Sokolik and Voinov. 

One theory has involved the assumption that a com- 
pression wave originates either behind the flame front 
or at the flame front and crosses the chamber ahead of 
the flame, causing ignition at the opposite side of the 
combustion chamber, such ignition being the direct 
cause of knock. The remarkable photographs (both 
schlieren photographs and direct photographs of the 
flame) taken by Payman and Titnian (reference (>) show 



occur in conjunction with knock, the knock itself and 
the high-frequency pressure waves accompanying knock 
did not appear until an appreciable time after the 
autoignition. 

All the investigations of combustion in an engine 
prior to that of reference 1, how r ever, have suffered one 
disadvantage in common: the rate of taking photo- 
graphs has been too slow and the actual occurrence of 
knock has been too rapid to be accurately observed. 

APPARATUS 

The combustion apparatus and the optical set-up 
for schlieren photography are described in detail in 



Section A- A, showing openings 
for spork plugs and occessories 



Window opening 




Fuel circulating pump 



Phase - 
changing 
gears 

Injection pump with drop 
cam not indicated 

FIGURE l.— Diagrammatic sketch of XACA combustion apparatus. 
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these occurrences in tubes. Boerlage (reference 7) 
shows photographs of combustion in an engine with 
autoignition occurring at the end of the combustion 
chamber farthest from the spark plug in a manner 
similar to that shown by Payman and Titman's photo- 
graphs. 

It was suggested in references 8 and 9 that knock 
is caused by the formation of explosive peroxides in 
nuclear drops during preflame combustion. 

In previous work at this laboratory, Rothrock and 
Spencer (reference 2) have taken photographs at high 
rates of speed, using both schlieren photography and 
direct photography of the flame. The maximum rate 
attained in those tests was 2500 frames per second. 
The photographs indicated that, although autoignition 
ahead of the flame front may occur in conjunction with 
knock, it does not always do so and is not necessary 
for the occurrence of knock. The photographs in 
reference 2 also indicated that, when autoignition did 



reference 1. Figure 1 shows the NACA combustion 
apparatus diagrammatically. At the time of taking 
all the photographs of combustion with four spark 
plugs presented in this report, the injection valve 4 was 
placed in opening H of the cylinder head. (See fig. 1.) 
At the time of taking all the photographs presented in 
reference 1 and those of this report in which the com- 
bustion was with one spark plug, or with one spark 
pluu and a hot spot, the injection valve was in opening 
J. For the photographs of combustion with four 
spark plugs, spark plugs were used in each of the 
openings J, F, G, and E, whereas for the photographs 
of combustion with only one spark plug, this plug was 
in position E, as in reference 1. When a hot spot was 
used, it was in opening F, as in reference 1. No other 
changes were made in either the combustion apparatus 
or the optical set-up between the time of taking photo- 
graphs presented in reference 1 and the taking of those 
given in the present report. 



HIGH-SPEED PHOTOGRAPHY 



OF COMBUSTION AND KNOCK 



3 



As in reference 1, the combustion apparatus was 
operated under its own power for only one cycle in each 
run, an entire series of photographs being taken of the 
combustion in the single cycle. The engine operating 
conditions were again kept constant as follows: Engine- 
coolant temperature, 250° F; compression ratio, 7.0; 
engine speed, 500 rpm; fuel-air ratio, Approximately 
0.08. With all photographs of combustion with four 
spark plugs, spark advance of spark plugs in E, J, and 
F positions was kept constant at 20° and spark advance 
of spark plug in G position was kept constant at 27°. 
Spark advance was made greater at G position in order 
to allow the Same front proceeding from this plug to 
arrive within tin 4 field of view at about the same time 
as the flame fronts from the other three plugs. With 
the photographs of combustion with one spark plug, 
spark advance was varied as shown in the figures. 

The fuels used for the tests of the present report were 
C. F. K. reference fuel S-l (a commercial grade of 
isooctane), C. F. K. reference fuels M-l and M-2 
(octane rating about 18), a blend of 80 percent S-l 
with 20 percent M-2, and a blend of 50 percent M-2 
with 50 percent 95-octane gasoline. 

An optical indicator of the type described in reference 

10 was used to obtain time-pressure records within the 
combustion chamber under conditions similar to those 
existing when photographs were taken. The optical 
indicator was mounted in a steel blank, which replaced 
the glass windows in the cylinder head. Because of 
this method of mounting, photographs and time- 
pressure records of the same combustion cycle could 
not be obtained with the apparatus available at the 
time of making the tests. 

RESULTS AND DISCUSSION 

NORMAL COMBUSTION 

Some disagreement lias existed as to whether com- 
bustion in a spark-ignition engine cylinder is completed 
in the flame front or is continued for a considerable 
distance back of the (lame front. Although the photo- 
graphs of reference 1 indicated the existence of a com- 
bustion zone of considerable depth in the direction of 
Hame travel, attention was called in that paper to the 
possibility of explaining i\\c apparent depth of the com- 
bustion /one on the basis of a curved flame of very small 
depth. The authors of reference 1 1 secured results 
from photographs and pressure records of combustion 
in a constant-volume bomb which Lead them to believe 
that combustion continues for a considerable distance 
behind the flame front and that this distance decreases 
with increasing pressure. 

Comparisons may be made between figures 2 to 5 of 
this report and figure 3 of reference 1 with the effect of 
pressure on depth of combustion zone in mind. These 
comparisons should, however, be used with caution, as 
will be explained later. 



Figure 2 is a series of photographs showing n on knock- 
ing combustion with four spark plugs. This figure is 
comparable with figure :> of reference 1, which was taken 
under similar conditions but with only one spark plug. 
The pictures are vend from left to right through row A, 
then from left to right through row B, and so on. Thus, 
the order in which the pictures were taken is: A-1, 
A-2, A-3, . . . A-1 9, A-20, B-1, B-2, . . . 
J-19, J-20. In frame A-1 of figure 2 the flame thai 
originated at the spark plug in opening F (fig.l) has 
just come into view. The dark area in the upper right 
portion of this frame, which is visible throughout rows 
A, B, and C, was caused by uneven illumination of the 
schlieren field and has no other significance. The un- 
even illumination was caused by imperfection in the 
optical set-up, possibly by warping of the mirror on 
tin* piston top. The flame coming from the spark plug 
in opening G (fig.l) first comes into view at about 
frame B-4 and the flames from spark plugs in E and J 
positions at about frame C-1 . 

In figure 3 of reference I, during the early stages of 
(lame travel, the mottled zone due to temperature 

gradients persisted for a very considerable distance 
back of the flame front, but the mottled zone became 
quite narrow in the direction of flame travel after the 
flame front had reached a position about halfway 
across the field of view. In that figure about half the 
contents of the entire combustion chamber, on a 
volume basis, had been reached by the flame front 
when the narrowing of the mottled zone occurred. 
In figure 2 of the present report, however, about half 
the contents of the combustion chamber have already 
been ignited when the flame from spark plug in G 
position (fig. 1) first comes into view. Yet the great 
depth of this flame, in the direction of flame travel, 
persists until well into row F, where more than half 
the contents of even that portion of the combustion 
chamber within the field of view has been ignited. 
This long persistence of the wide combustion zone is 
typical of flames that pass over the peak of the pent- 
roof piston. 

If the depth of the combustion zone actually does 
decrease* with increasing pressure, it should be ex- 
pected to decrease during the later stages of flame 
travel because* of tin* compression of tin* last part of 
the charge to burn by tin* parts that are ignited 
earlier. The abnormally long persistence of the wide 
mottled area with flames that have passed over the 
piston peak, however, cannot be explained on the 
basis of pressure. The gases on the far side of the 
combustion chamber are shielded from radiations 
originating on the opposite side of the piston peak 
during the early stages of flame travel. The absence 
of these radiations might have some effect on the rate 
of flame propagation or the rate 1 of reaction that would 
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Figure 2— High-speed motion pictures of a nonknocking explosion in a spark-ignition engine. Fuel, S-l; four spark plugs; spark advance, left-hand plug, 27°, other three plugs, 20° 

A. regions already traversed by flame. 
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cause tlx 1 abnormally long persistence of the wide 
mottled area. On the oilier hand, this persistence 
of the wide mottled area after passage of the flame 
over the piston peak can very reasonably be explained by 
the fact that tin 4 flame front could not be expected 
to be parallel to the line of sight immediately after 
passing around the comer at the piston peak. 

Figures 3 and 4 of this report, figure 3 of reference L, 
and figure 5 of this report constitute a scries of sub- 
stantially comparable records with spark advance of 
0°, 10°, 20°, and 30°, respectively. For figures 3 and 
4 of this report, the fuel was a blend of 80 percent S-l 
with 20 percent M 2; for figure 3 of reference 1 and 
figure 5 of this report, the fuel was S-l. In figure 4 
of this report, moreover, there was very late after- 
ignition from a hot spot in F position (fig. 1), a condition 
that did not exist in the other three figures. The 
flame from the hot spot is first clearly visible at about 
frame 1-7, at the lower edge of the frame. It is 
believed, however, that none of the differences other 
than spark advance are important as concerns the 
depth of the mottled zone in the direction of flame 
travel. 

In figures 3 and f) of this report, with spark advance 
of 0° and 30°, respectively, the mottled zone never 
becomes so narrow as it does in figure 4 of this report 
and in figure 3 of reference L, with spark advance of 
10° and 20°, respectively. In figure 3 of this report, 
moreover, the entire combustion took place after top 
center, while in figure 5 the combustion was completed 
about 10° before top center. In figure 4 of this report 
tin 4 extreme na rrowing of the combust ion zone occurred 
substantially earlier in the flame travel than in figure 
3 of reference I, and this narrowing of the combustion 
zone did not persist to the end of the flame travel as 
it did in figure 3 of reference 1. The later broadening 
of the combustion zone in figure 4 is typical of the 
record- taken under the conditions of figure 1 and has 
also been observed in a few cases with 20° spark advance. 
A consistent difference between the two conditions in 
this respect would be difficult to explain. 

The comparisons of these figures indicate that the 
extreme narrowing of the mottled area occurs only 
with the piston within 10° or 15° of top center under 
the conditions of these tests. This fact is in agreement 
with the observation in reference 11 that the depth of 
the combustion zone decreases with increasing pressure. 
The increase in pressure, however, might cause in- 
creased uniformity of burning so that the flame front 
would exhibit less tonguing, and the narrowing of the 
mottled area with increased pressure might thus be 
explained on the curved-flame basis. 

Some curvature of the flame front undoubtedly 
does exist and must certainly account for part of the 



width of the mottled area in the pictures. Such flame 
curvature, moreover, is variable and unpredictable. 
For this reason, no definite conclusions can be drawn 
from the comparisons of the figures. The indications 
are only suggest ive. 

The authors of references 12 and L3 have presented 
analyses of motion-picture records correlated with 
time-pressure records in which they obtained fair 
agreement between mass inflamed as computed from 
the data of the motion pictures and mass burned as 
shown by the time-pressure records. Such agreement 
tends to support the assumption of a combustion zone 
of extremely small depth. There appears to be a 
possibility, however, that their pictures did not show 
the absolute flame front but an apparent flame front 
appreciably behind the true flame front. They treated 
the (lame front, as it appeared in their pictures, as the 
position of the front at the end of exposure. This 
treatment would he strictly correct only if the time 
required for exposure were extremely short compared 
with the exposure time actually used. 

There is a possibility that nearly all of the combustion 
is actually completed in the flame front but that certain 
portions of the reaction involving little energy release 
remain to be completed more leisurely. 

KNOCKING COMBUSTION 

At about frame H — 1 1 in figure 2, all pa i ts of the com- 
bustion chamber have been reached by the flame 
fronts. The light regions marked A in this frame are 
areas in which temperature gradients apparently no 
longer exist and combustion may be assumed to have 
been completed. These areas, however, are still ex- 
tremely hot and would appear incandescent in any 
photograph that depended for its exposure on light 
originating in the combustion chamber. The mottled 
areas do not completely disappear from the pictures 
until about the end of row J, about 0.0012 second after 
the flame fronts have apparently reached all parts of 
the combustion chamber in frame H-11. This time 
interval is in great contrast with the corresponding 
period in a knocking combustion as shown in figures 6 
and 7. 

Figures 6 and 7 were taken under the same condi- 
tions as figure 2 but with fuels of progressively lower 
antiknock value. The find used for figure 0 was a 
blend of equal volumes of a 95-octane gasoline and 
C. F. R. reference fuel M-2. This blend was the same 
as used for figure 5 of reference 1, incorrectly reported 
in that reference as a blend of S-l and M-2. Figure 6 
of this report and figure "> of reference 1 are comparable. 
The difference between them is in the number of spark 
plugs used and in the earlier ignition atone of the plugs 
in figure 6. 
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Figure 3— High-speed motion pictures of a nonknocking explosion in a spark-ignition engine. Fuel, SO percent S-l with 20 percent M-2; one spark plug, spark advance, 0°. 
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Fir.uRE 6.— High-speed motion pictures of a knocking explosion in a spark-ignition engine. Fuel, 50 percent 95-octane gasoline with 50 percent M-2; four spark plugs; spark advance, left-hand plug, 27°, other three 

plugs, 20°; a, regions already traversed by flame; B, blurring caused by knock. 
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Fir.uRE 7.— High-Speed motion pictures of a knocking explosion in a spark-iimit ion engine. Fuel, M-2; four spark plugs: spark advance, left-hand plug, 27°, other three plugs, 20°; A, region already traversed 

by Same; B. blurring caused by knock. 
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The areas marked A in figure 6, frame H-5, are 
regions in which temperature gradients have apparently 
ceased to exist and where combustion is probably com- 
plete The knock is first visible 4 in frame H-7 as a 
blur in the region designated by the letter B. By 
frame H— 1 3 the knock has completely eliminated the 
mottled zone. This elimination of the mottled zone 
in 7/40000 (0.000175) second is in strong contrast with 
the very gradual fade-out of the mottled zone in the 
aonknocking explosion shown in figure 2. In figure 5 
of reference L, the mottled zone was eliminated by the 
knock in 1/40000 (0.000025) second, frames M-11 and 
M-12. It is obvious from the photographs that the 
knock in that case was much more violent than in 
figure (3 of this report. The difference, however, may 
possibly not be directly due to the use of one or of four 
spark plugs. Combustion began much earlier in the 
case of figure 6 and, in view of the very low engine 
speed, combustion may have proceeded much nearer 
to completion before severe conditions were reached a 
few degrees before top center, so that less energy was 
available for release during knock. 

Figure 7 was taken under the same conditions as 
figure 6 except that a fuel, M-2, of still lower antiknock 
value, was used. In this figure knock is first visible in 
frame G-1 2 as a blurring in the region designated B. In 
this case the knock eliminates the mottled zone more 
quickly than in figure 6. At about frame G-1 3, more- 
over, a brilliant luminosity appears and this luminosity 
quickly develops throughout the visible portion of the 
chamber. This luminosity was not noticeable in figure 
6. In frame G-1 3 and in some of the other frames, this 
luminosity is also visible below and to the right of the 
chamber. The appearance of the luminosity in this 
region and in the combustion chamber generally, with 
the heavier knocks, was explained in reference 1. 

As with figure 5 of reference I, when tin 4 photographs 
presented in figures () and 7 are projected as motion 
pictures, a violent bouncing of the gases is visible after 
occurrence of the knock. This bouncing of the gases is 
visible even when the knock is so light as not to cause 
the blurring that is visible in frame H-7 of figure 6 and 
frame G-1 2 of figure 7. In fact, the bouncing of the 
gases appears to be one of the most sensitive criterions 
of knock available. 

An extremely light knock occurred in t he combustion 
shown in figure 4. This knock resulted in a very slight 
blur in the region indicated by B in frame 0-5. This 
blur can scarcely be detected in the reproduction shown 
iD (his report. When the original photographs of figure 
4 are projected as motion pictures, however, the blur is 
seen to be unquestionably there. This knock occurred 
so late in the combustion process, and the ignition was 
so late, that the piston must have been far beyond top 
center. It would appear even possible that the con- 
ditions at the time of this knock were not so severe as 
they had been earlier in this same combustion process. 



It is particularly important to note that the knock 
which appears at frame 0-5 of figure 4 did not have 
the effect of eliminating the mottled zone as did the 
heavier knocks previously discussed. This fact does 
not seem to be consistent with the theory that the 
knock is simply a sudden completion of the burning. 
It is a considerable distortion of this theory to assume 
that in figure 4 at about frame 0-5 the combustion 
suddenly partly completed itself, then slowed down 
again, and proceeded at the normal rati 4 of nonknoeking 
Combustions. When the photographs of figure 4 are 
viewed as a motion picture, the impression is that a 
reaction occurs in the vicinity of frame 0-5 which is 
very quickly completed and which leaves the gases 
bouncing but does not interfere with the normal com- 
bustion. This reaction, during the very short time of 
its existence, may have accelerated the normal process 
of combustion. Hither it did not do so appreciably, 
however, or the normal combustion process dropped 
back to about the previous rate as soon as this reaction 
was over. With the heavier knocks, either the knock 
reaction so accelerates the normal combustion that it 
is very quickly completed or the knock is itself a very 
quick completion of the normal combustion. 

If knock is assumed to be the same thing in one case 
as in another, the photographs suggest that knock is a 
sudden detonation of some substance which pervades 
the entire inflamed volume in greater or less concen- 
tration, that the concentration of this substance may 
determine the violence of the knock, and that the det- 
onation of this substance accelerates the normal com- 
bustion process but does not bring it to a quick 
completion unless the concentration of the substance 
is sufficiently great. Such a substance would have to 
be stable under the conditions existing within the pre- 
stocking flame. Such substance might be a compound, 
compounds, or radicals. 

The data presented herein are not sufficient to justify 
a definite conclusion that this hypothetical detonating 
substance is the true cause of knock. This explana- 
tion is simply suggested as one theory that appears to 
be consistent with the high-speed photographs. 

Figures (> and 7 show knocking combustions of very 
unequal severity. In figure 6, the last unignited por- 
tion of the fuel charge disappears in frame G-1 7, which 
is 11 frames previous to the first appearance of knock. 
On the other hand, in figure 7, which shows the more 
severe knock, the (lame fronts newer completely merge. 
Instead, beginning at about frame G-2, the unignited 
area becomes mottled spontaneously. In frame G-1 1 
this spontaneous mottling of the unignited area has 
become so complete that this area cannot b:* distin- 
guished from the area behind the flame fronts. Knock, 
however, did not occur until frame G-1 2. An entirely 
similar spontaneous darkening of the unignited /one, 
before knock occurred, is evident in figure 5 of reference 1. 
In that figure, in frame M-10, the darkening of this 
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zone was remarkably dense; yet there was only the 
slightest evidence of the occurring of knock in the next 
frame, M-11. 

It appears very likely thai the mottling of the unig- 
nited zone is caused by autoignition, resulting from high 
temper&ture and pressure. Some reaction is unques- 
tionably taking place 4 in this region to cause the mot- 
tling. That this reaction results in a very rapid expan- 
sion of the gases in this zone is indicated by the fact that 
the flame fronts show practically no progress into this 



vious to these frames. Knock, however, had not yet 
occurred in these frames. 

These considerations do not appear to he consistent 
with the theory that knock is identical with autoignition 
of the end gas. The photographs do show, however, 
that C. V. R. reference fuels M-l and M-2, which have 
a greater tendency to knock than isooctane, also have 
a greater tendency to autoignite. An attempt will be 
made later to determine whether there are fuels having 
a tendency to autoignite without the tendency to knock. 





region after tin 4 spontaneous mottling begins. The rate 
of expansion in the unignited zone appears to be of the 

same order of magnitude as the rate of expansion of the 
gases behind the flame fronts. This fact w r ould seem to 
indicate an ignited condition rather than a slow pre- 
flame combustion. 

In figure 6 it may be argued that at the time knock 
occurred in frame H-7 there were pockets of unignited 
gas not visible because of tonguing of the flames and 
that the knock is due to autoignition of these pockets. 
On the other hand, in frame G-1 1 of figure 7 of this 
report and in frame M-10 of figure 5 of reference 1, it 
does not appear reasonable to suppose that there art 4 any 
pockets that have not autoignited or that, if there were 
such pockets, their autoignition wouldJ>e any different 
from the autoignition that was seen to take place pre- 



with a view to finding more definitely whether the two 
phenomena are entirely unrelated. 

The pictures have even caused the question to be 
raised as to whether the knock ordinarily originates at 
the exact location of the end uas. In figure S are pre- 
sented enlarged views of two frames, G-3 and H-7, 
from figure 6. Frame G-3 was exposed while a con- 
siderable part of the gas mixture had not yet been 
reached by the flame fronts. This part -of the mixture 
is outlined with ink and designated C in the enlarged 
view of frame G-3 in figure 8 (a). An identical outline 
has been superposed on the enlarged view of frame H-7 
in figure 8 (b). In this same frame the blurred region 
is outlined with ink and designated B. It will be noted 
that the center of the area B is considerably below the 
end-gas outline 4 . 
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Figure 9 presents a similar comparison of frames 
G-1 and G-12 from figure* 7, with the same result. 
These results are typical results [or this engine, operat- 
ing with four spark plugs, with the camera running in 
its forward direction. The camera lias a focal-plane- 
shutter effect that would tend to draw the blurred region 
below the end-gas zone in figures 8 and 9. The displace- 
ment appears to be greater, however, than would be 
explained by the focal-plane-shutter effect that does 
exist. The focal-plane-shutter effect is negligible for 
all phenomena seen in the pictures other than knock 
because of the slower occurrence of these phenomena. 



camera in reverse, the blurring had the appearance of 
developing simultaneously throughout the chamber. 

The series presented in figure it) was the only one in 
which there was any success in locating the apparent 
origin. This fact suggests that, in the particular engine 
used and with the engine conditions that existed in 
these tests, the knock tended to occur very near the 
bottom of the window. If the knock did occur at this 
position, the focal-plane-shutter effect with the camera 
running forward could not draw the knock below this 
position whereas, with the camera in reverse, the focal- 
plane-shutter effect could draw the knock upward or 



(a) Frame A-3 from figure 10. Flame has not yet reached area within outline C. 





(b) Frame C-4 from figure 10. Knock has just occurred. Blurring and luminosity within outline B are caused hy knock. 
Figure 11. — Two periods in t he course of an explosion with heavy knock in a spark ignition engine. Camera in reverse. 



Figure 10 presents a few frames of a series that was 
taken to cheek the effect of the focal-plane shutter on 
the apparent origin of the knock. This series was taken 
under exactly the same conditions as that of figure 7 
except that C. F. K. reference fuel M 1 was used and 
the camera was operated in reverse, in order to reverse 
the focal-plane-shutter effect. The knock appears as a 
brightly illuminated and blurred region in frame C-4. 
Frames A-3 and C-4 of figure 10 are compared in 
figure 11. As would be expected, because of reversal 
of the focal-plane-shutter effect, the blurred area in 
this case is somewhat above the portion of the end gas 
that is in the same side- to-side position. This series is, 
however, not typical of other series taken with the 
camera running in reverse. In general, with the 



give it the appearance of occurring simultaneously 
throughout the chamber, depending on the propagation 
speed of the knock. 

It must be admitted that the attempt to locate the 
origin of the knock with the NACA high-speed camera 
has produced inconclusive results up to the present 
time. Until a camera of higher speed or some other 
means has thrown more light on this point, however, 
there appears to be reason for some skepticism as to 
whether knock always occurs at the exact location of 
the end gas. Repeated observation of hundreds of 
shots as motion pictures has left the impression that 

knock may originate at any point within the mottled 
area in the pictures, whether this point be within the 
end gas or not. 
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TIME-PRESSURE RECORDS 

Iii figures 12 and 13 are presented time-pressure 
records taken with the optical indicator under conditions 
mnt chilli;- those of some of the photographs presented 
in this report and in reference I. It should be empha- 
sized that these records are not of t he same combustion 
cyclic represented by the photographs but of similar 



photographs are concerned, the effect of a hot spot 
appears to be the same as that of a spark plug if the 
hot-spot temperature is such as to ignite the gases at 
the same time as the occurrence of the spark. Con- 
sequently, figure 12 may be. regarded essentially as a 
comparison of results with one, two, and four spark 
plugs. With increase in the Dumber of spark plugs. 




a) Fuel, S-l; one spark plug; spark advance, 20°. 



(b) Fuel, S-l; one spark plug with preignitiou from hot spot; spark advance, 20°. 























J % 






• 





(c) Fuel. S-l; four spark plugs; spark advance, 20° on three plugs, 27° on fourt h plug. 
Figure 12.— Indicator cards for nonknocking explosion in a spark-ignition engine. 



cycles. In any of the time-pressure records where 
vertical lines A and B appear, the line A is the record 
of a spark marking top center and the line B is the 
record of a spark marking the crank position 90° after 
top center. 

The conditions of the record of figure L2 (a) corre- 
spond to those of figure 3 of reference 1 ; the record of 
figure 12 (b), to those of figure 7 of reference 1 ; and the 
record of figure 12 (c), to those of figure 2 of this 
report. As far as the time-pressure records or the 



tin 4 pressure rise is seen to be progressively steeper, 
with the maximum pressure occurring progressively 
earlier relative to the crank angle. 

The time-pressure records of figure 13 are for knocking 
explosions. The correspondence of conditions is be- 
tween figure 13 (a) and figure 5 of reference 1, between 
figure 13 (b) and figure 8 of reference 1, between 
figure 13 (c) and figure G of this report, and between 
figure 13 (d) and figure 7 of this report. 

Comparison of the record of figure 13 (b) with the 
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(a) Fuel, 50 percent 95-octanc gasoline with 50 percent M-2; one spark plug; spark advance, 20°. 




(b) Fuel, 50 percenl 95-oetane gasoline with 60 percent M-2; one spark ping with prcignition from hot spot; spark advance, 20°. 




(c) Fuel, 50 percent 95-octanc gasoline with 50 percent M-2; four spark plugs; spark advance, 20° on three plugs, 27° on fourth plug. 




(d) Fuel, M-2; four spark plugs; spark advance, 20° on three plugs, 27° on fourt h plug. 



Figure 13.— Indicator cards for knocking explosion in a spark-Ignition engine. 
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records of figures 13 (a) and 13 (c) shows that the hot 
spot again has the same effort as a spark plug in causing 
a steepening of the pressure rise and an advance of the 
position of maximum pressure. The comparison also 
shows thai the hot spot has caused the knock to occur 
earlier in the record of figure 13 (b) than in that of 
figure 13 (a). 

The violent pressure fluctuations, designated C in 
the four knocking time-pressure records, are charac- 
teristic pf knocking explosions in a spark-ignit ion engine. 
Some of the fluctuations in these records have been 
touched up with white ink. The white ink has been 
placed, however, only on points where a trace is unmis- 
takably present on the original film but too faint to 
reproduce in the prints. In agreement with the 
photographs, the time-pressure records show very vio- 
lent and about equal amplitudes of vibration for the 
case of one 1 spark plug with an equal mixture 1 of 95- 
octane gasoline and M 2 and the case of four spark 



60 



^40 

i 

0 













































- - . 
S = 


40.t 
0.3 


?r/i 

08 c 


> 

or ( 


0.9 1 


Ov 




















T 












































As. 


th 


ed 

res 


exc 


HDSL 

fd 


jre 



























































































.8 



.2 .4 .6 .8 
Displacement, S 



0 .2xvT 



Figure 14.— Variation of displacement with exposure time for oscillatory motion 
superposed on constant velocity motion. Maximum velocity of oscillatory motion 
equal to the constant velocity. 

plugs with M-2. Also in agreement with the photo- 
graphs, the records show a considerably smaller ampli- 
tude of pressure fluctuations for the case of four spark 
plugs with the equal mixture of 95-octane gasoline and 
M-2. They show an intermediate violence for the 
case of one spark plug and a hot spot, using the blended 
fuel. 

The most interesting feature of these time-pressure 
records, as regards the theories of knock, is the ap- 
pearance of pressure fluctuations of very small ampli- 
tude, or bright spots in the trace, a short time before 
the appearance of the violent fluctuations. Those 
slight duct nations are visible in each of the traces of 
figure 13 and in each case are designated D. They 
are, however, particularly clear as bright spots D in 
figure 13 (d). The two bright spots so clearly visible 
in this record have not been retouched. They could 
apparently only be caused by a small-amplitude 
vibration of the mirror of the optical indicator, the 
maximum downward velocity involved in such vibra- 
1 ion being of the same order of magnitude as the motion 
of the mirror caused by the continuous pressure rise. 

The darkening of a photographic emulsion is known 



to be very nearly a function of light intensity multiplied 
by time of exposure. If the upward motion of the 
light beam in the optical indicator is assumed to be 
the superposition of a constant velocity r, due to a 
continuous pressure rise, upon a sinusoidal vertical 
oscillation having a maximum velocity r max =v, then 
the actual velocity V of the beam at any instant t, 
measured from the last time t 0 that the sinusoidal 
oscillation was at its lowest point, is expressed by 
the equation 

F=»(l+ffln3yr) (1) 

where T is the period of the sinusoidal oscillation. The 
time of exposure r of any point on the photographic 
emulsion swept over by the center of the beam will 
be expressed by the equation 

2r 



v (^1+sin ^ / 



(2) 



where r is the radius of the spot of light formed by the 
beam on the emulsion. Equation (2) will be quite 
accurate with extremely small values of r except 
where V=0, when it becomes indeterminate. Inas- 
much as the intensity of the beam is constant, the 
darkening of any point in the trace will be practically 
a function of r alone, on the assumption that the 
velocity V is very groat relative to the movement 
of the film. 

The displacement S of the beam from the position 
that it occupied at time t 0 is expressed by the equation 



vers -jr 



(3) 



If equations (2) and (3) are solved for various values 
of t and the resulting values of - arc plotted against the 
values of N, the curve shown in figure 14 is obtained. 
The important characteristic to observe in this curve is 
that it peaks very sharply in the regions where the 
sinusoidal oscillation has its maximum velocity down- 
ward, [f the fact is kepi in mind thai the trace of 
figure L3 (d) is a positive print, the curve of figure 11 
demonstrates graphically how the two bright spots 
designated D in figure 13 (d) may be interpreted as 
being the result of a very high rate of pressure rise at 
the indicator diaphragm combined with a sinusoidal 
fluctuation of pressure. A sinusoidal fluctuation of 
pressure could be caused by a system of compression 
waves traveling hack and forth across the combustion 
chamber and being reflected at each collision with the 
chamber walls. A reflected wave could cause the 
bright spots in the traces without involving a sinusoidal 
variation of pressure at the diaphragm of the optical 
indicator. Variation according to any one of a number 
of laws would tend to have the same effect as long as tin 1 
oscillation involved a maximum downward velocity of 
the light beam of the same order of magnitude as the 
constant upward velocity caused by the continuous 
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pressure rise. Indeed, the effect would be greatest with 
a shock wave in which the pressure rise is extremely 
rapid and the pressure drop is nearly linear with time. 

The natural frequency of the indicator diaphragm, 
about 9000 cycles per second, undoubtedly has some 
influence on the appearance of the bright spots in the 
traces. The diaphragm, however, would never start 
vibrating with its natural frequency to cause the bright 
spots unless it received a shock in the form of either a 
sudden increase or a sudden decrease in the rate of 
pressure rise, which is the equivalent of a pressure 
fluctuation superposed on a continuous pressure rise. 
If the diaphragm were set vibrating at its natural fre- 
quency by a single shock, moreover, the first cycle of 
vibration would be of the greatest amplitude and each 
succeeding cycle would be of successively smaller ampli- 
tude. The bright spots in the trace would be equally 
spaced, if the slope of the truce were constant. 

The three bright spots in tin 4 trace of figure 4 13 (c) 
violate both the requirement of decreasing amplitude 
and thai of equal spacing. The first (lowest) of these 
three spots is faintest, indicating tin 4 least amplitude of 
vibration. The third (highest) of the three spots is 
brightest, indicating the greatest amplitude of vibra- 
tion. A fainter spot might be due to a vibration of 
greater amplitude than that of a brighter spot, if the 
maximum beam velocity due to the vibration in the 
case of the fainter spot were greater than the constant 
upward velocity of the beam due to continuous pres- 
sure rise. The slope of the trace in figure 13 (c), how- 
ever, appears to be not too steep to permit detection of 
any downward motion of tin* beam, and each of the 
three spots has the appearance of having involved no 
downward motion. 

The slope appears to be constant through the three 
spots of figure 13 (c) ; yet the second and third spots are 
farther apart than the first and second. The distance 
between the first and second spots corresponds to the 
natural frequency of 9000 cycles per second, so that 
these two spots might have been caused by a single 
shock except that, in that case, the first spot should 
have been the brighter. The distance between the 

first and the third spots corresponds to the fundamental 
frequency of the vibrations following the knock in this 
trace, which is presumably the natural frequency of 
vibration of the gases in the combustion chamber. On 
the basis of this reasoning, the indicator diaphragm 
appeal's to have received at least two and probably 
three separate shocks just before the first violent pres- 
sure fluctuation. 

In the case of figure 13 (a), three bright spots are 
visible. They arc difficult to analyze because two of 
them are superposed on the timing line. The second 
one, however, appeal's to be brighter than the first. This 
fact indicates the probability of at least two shocks in 
this case. In figure 13 (10, only one visible shock can 
be seen. 



At first glance, the two bright spots in figure 13 (d) 
seem to indicate that the vibration of the indicator 
diaphragm was of constant amplitude for at least two 
cycles just before knock occurred, because the two 
bright spots look very nearly alike. Possibly, at the 
time of exposure of the lower of these spots, the maxi- 
mum downward velocity due to oscillation of the beam 
was a little less than the constant upward velocity 
due to continuous pressure rise and, at the time of 
exposure of the upper spot, the maximum downward 
velocity due to oscillation was a little greater than the 
constant upward velocity. Thus, the beam may have 
gone rapidly upward to the bottom of the lower spot, 
slowly upward to the top of the lower spot, rapidly 
upward to the top of the upper spot, slowly downward 
to the bottom of the upper spot, and finally violently 
upward into the real knocking vibrations. The appear- 
ance of the spots, however, suggests that the reverse is 
more likely true and that the second of the spots in 
this case may have been due to free vibration of the 
indicator diaphragm. The diaphragm very likely re- 
ceived only one visible shock in this case before tin 4 
violent fluctuations began. 

Time-pressure records have been taken with a piezo- 
electric pickup having a natural frequency many times 
greater than the frequency of the shocks indicated by 
the traces of figure 13. These records indicate shocks 
of the same type with time spacing of the same order 
as with the optical indicator. 

The indicator traces suggest the idea that one or 
more small-amplitude pressure waves may be traveling 
back and forth through the combustion chamber just 
before the occurrence of knock. It appears consistent 
with all the traces of figure 13 to assume that these 
pressure waves, at first too small to be observed in 
the traces, travel back and forth across the chamber, 
increasing continuously in amplitude, at an increasing 
rale, until finally the increase in amplitude becomes 
extremely rapid, resulting in knock. A single such 
wave could cause shocks at the indicator diaphragm 
with nonuniform time spacing, if it did not travel in 
the same direction or if it did not follow the same 
course at each trip across the chamber. No evidence 
is yet available as to what might start such small- 
amplitude pressure waves. It would appear that, 
when knocking conditions are approached, these 
waves must either accelerate the combustion within 
their high-pressure regions in such manner as to build 
up the amplitudes of the waves or they must cause 
some reaction other than the normal combustion in 
such manner as to build up the amplitudes of the waves. 

Photographs of violent knocks viewed as motion 
pictures haVe indicated a temporary retardation of 
flame travel shortly before the occurrence of knock, 
as indicated by the binning of the pictures. This 
temporary retardation of flame travel may possibly 
be visual evidence of the existence of a wave of small 
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amplitude before knock. The retardation mnv in- 
stead be simply evidence of expansion of the end gas 
at too low a rate to register as a pressure wave on the 
indicator diaphragm caused by sonic preflame reaction 
in the end gas. 

Evidence has been obtained indicating thai the 
blurring in the high-speed photographs occurs simul- 
taneously with the first violent fluctuation of th<^ in- 
dicator. It therefore appears thai the blurring cannol 
be associated with any of the small preliminary shocks. 

Reflected pressure waves in the combustion chamber 
would move at too high a speed to be stopped by a 
camera having an exposure time of the order of 1/40000 
second. A standing sinusoidal wave, however, of 
wave length equal to twice the diameter of the chamber 
might be expected to cause a periodic displacement of 
the configurations in the photographs from frame to 
frame as well as a periodic variation in the intensity 
Of reaction as indicated by the density and sharpness 
of the mottling of the photographs. 

When tin* original negative of row F and of the first 11 
frames of row Gof figure 7 is examined frame by frame 
on the projection screen, the periodic displacement of 
the configurations and the periodic variation of the re- 
actions are distinctly visible. These phenomena are. 
however, extremely difficult to see in the reproductions 
as they appear in the figure. In cases of lighter knocks 
they are not so distinctly visible even on the projection 
screen. The phenomena might conceivably be visible 
even in pictures of nonknocking combustion, as the 
only evidence of incipient knock. They have not. 
however, been observed with any certainty with non- 
knocking combustion. 

In cases such as that of figure 7, the periodic displace- 
ments are visible through considerably more than two 
or three cycles before the occurrence of knock, as in- 
dicated by the blurring of the pictures. This fact sug- 
gests the gradual build-up of a standing wave, the last 
two or three eydr* before knock being the only ones of 
sufficient amplitude to register on the time-pressure 
t race. 

The suggestion of the progressive build-up of a pres- 
sure wave might appear to be at variance with the 
previous suggestion that the knock may be the detona- 
tion of a substance which docs not react in the normal 
combustion, a suggestion that is admittedly weakly 
supported. The wave, however, might possibly pro- 
vide just the trigger action necessary to detonate such 
a substance under severe conditions of pressure and 
temperature. 

Rothrock and Spencer (reference 2) have shown that 
an artificially produced pressure wave will not cause 
knock, even though such a wave is sufficiently intense 

to be registered on the time-pressure record, unless the 
conditions of temperature and pressure within the com- 
bustion chamber have already become so seven 4 that 
knock might be expected to occur spontaneously. 



When the conditions were such that spontaneous knock 
might be expected to occur, however, they found that 
knock usually did occur simultaneously with the 

artificially produced pressure wave. 

Another possible explanation of the -hocks on the 
indicator diaphragm before knock is that certain minute 
portions of the charge reach knocking conditions a short 
time before the rest of the charge. Each of these 
minute 4 portions of the charge may detonate as it reaches 
knocking conditions and may thus produce a mild shock 
wave without setting off the entire charge. This expla- 
nation differs from the one previously suggested in the 
fact that it supposes the waves before knock to be 
caused by the knocking reaction but not, in turn, to 
exert any influence on the knocking reaction. The 
observed displacements in the configurations, how- 
ever, do not have such an appearance as to support 
this explanation; instead, they strongly suggest the 
reflected-wave theory. 

CONCLUSIONS 

1 . Through the use of the NACA high-speed motion- 
pieture camera and the NACA optical engine indicator 
new knowledge has been obtained concerning the phe- 
nomenon of fuel knock. The results strongly indicate 
the inadequacy of the commonly accepted autoignition 
theory of knock. 

2. The photographs indicate that knock usually in- 
volves a sudden completion of combustion, although 
there is some indication that very light knocks may not 
always involve a sudden completion of combustion but 
that combustion may complete itself in the normal 
niiinner after knock has occurred. Time-pressure 
records, taken simultaneously with and having a de- 
terminable time relationship with the high-speed pic- 
tures, should be useful in clearing up this point. 

3. There is indication of the gradual build-up of re- 
flected pressure waves just before occurrence of knock. 
The simultaneous time-pressure records and high-speed 
pictures should shed further light on this point 
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Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 


Force 
(parallel 
to axis) 
symbol 


Moment about axis 


Angle 


Velocities 


Designation 


Sym- 
bol 


Designation 


Sym- 
bol 


Positive 
direction 


Designa- 
tion 


Sym- 
bol 


Linear 
(compo- 
nent along 
axis) 


Angular 


Longitudinal. __ 


X 


X 


Rolling _ 

Pitching 

Yawing 


L 


Y >Z 


Roll 


<p 
e 


u 

V 

w 


V 


Lateral 


Y 


Y 


M 
N 


z — >x 


Pitch 

Yaw 


Normal 


Z 


Z 


X >Y 




Q 










r 



Absolute coefficients of moment 

P L_ p _M 

V '~qbS Vm ~^S 
(rolling) (pitching) 



Vn ~qbS 
(yawing) 



Angle of set of control surface (relative to neutral 
position), 5. (Indicate surface by proper subscript.) 



4. PROPELLER SYMBOLS 



D 

P 

PID 

v 
v, 

T 

Q 



Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 



Torque, absolute coefficient C Q 





P 




c, 




V 


T 


n 


_ Q 




' P n 2 D 6 





Power, absolute coefficient C P =- 



Speed-power coefficient=-*/p^- 2 
Efficiency 

Revolutions per second, rps 
Effective helix angle=tan~V 



\2irrnJ 



5. NUMERICAL RELATIONS 



1 hp=76.04 kg-m/s=550 ft-lb/sec 
1 metric horsepower =0.9863 hp 
1 mph=0.4470 mps 
1 mps=2.2369 mph 



1 lb=0.4536 kg 

1 kg= 2.2046 lb 

1 mi= 1,609.35 m=5,280 ft 

1 m= 3.2808 ft 
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